Summary. -The BESIII experiment has collected world's largest direct e + e − colliding beam data at the J/ψ, ψ ′ , ψ(3770) and at and around the Y (4260). These data have enabled the study of hadrons at unprecedented precisions. We present results on the light hadron spectroscopy, production of hadrons in radiative decays of charmonia, observation of new excited N * baryons and of anomalous decays of the η/η ′ states. 
-Introduction
The precise study of the hadron spectroscopy would help us understand the substructure of observed hadrons and verify the theory, Quantum Chromodynamics (QCD), which describes the strong interactions of colored quarks and gluons. QCD predicts the new particles beyond the quark model, e.g., glueballs, hybrids and multiquark states. Experimental study of the decay modes of known hadrons and the search of new hadrons would provide helpful information for further verifying the QCD theory. In the last decades, considerable progresses on the hadron spectroscopy have been made.
Since the upgrade was completed in 2008, the BESIII [1] detector at the BEPCII collider, has collected the world's largest data samples at τ -charm energy region, including 1.3 billion J/ψ events, 4.5 million ψ ′ events, 2.9 fb −1 at the peak of the ψ(3770) resonance, and lots of data samples above 4.0 GeV/c 2 , which offers us a unique opportunity to study the hadron spectroscopy and search for the new hadrons. The article reviews several structures around 1.85 GeV/c 2 found or confirmed by BESIII, the particle wave analysis results of J/ψ → γηη, the study of η and η ′ anomalous decays, and the observation of new excited baryons. In 2003 BESII reported the first observation of pp mass threshold enhancement in J/ψ → γpp, which attracted both experimental and theoretical attentions to investigate its nature. Using the 225×10 6 J/ψ events collected by the BESIII detector in 2009, a Partial Wave Analysis (PWA) of J/ψ → γpp [2] with M pp < 2.2 GeV/c 2 was performed to determine its spin-parity, mass and width. In the analysis, the final state interactions were considered by including the Julich formulation [3] . The PWA results indicate that the 0 −+ assignment fit for this structure is better than that for 0 ++ or other J P C assignments. The mass, width and product branching fraction of the X(pp) are measured to be M = 1832
MeV (a total width of Γ < 76 MeV at the 90% C.L.) and B(J/ψ → γX)B(X → pp) = (9.0 +0.4+1.5
−5 , respectively. We also observed the structures around 1.85 GeV in the other J/ψ decays. The X(1835) was observed from the invariant mass of
′ decay with a statistical significance of 7.7σ by the BESII experiment [4] . The same process was studied at BESIII, which confirmed X(1835) with the statistical significance larger than 20σ [5] .
To further understand the nature of pp mass threshold structure (X(1860) and X(1835)), the decay of J/ψ → ωπ + π − η was studied [6] . The process of J/ψ → ωX(1870), X(1870) → a ± 0 (980)π ∓ was first observed with the signal significance estimated to be 7.2σ. The f 1 (1285) and η(1450) were also clearly observed in the ηπ + π − mass spectrum, as shown in fig. 1(a) .
-To understand the nature of above mentioned particles, X(pp), X(1835) and X(1870), further study is strongly needed, in particular, in searching for new decay modes. Since the X(1835) was confirmed to be a pseudoscalar particle [5] and it may have properties in common with the η c . Six charged pions is a known decay mode of the η c . Therefore, J/ψ radiative decays to 3(π + π − ) may be a favorable channel to search for the X states in the 1.8∼1.9 GeV/c 2 region. Fig. 1(b) shows the 3(π + π − ) invariant mass spectrum in J/ψ → γ3(π + π − ). A structure at 1.84 GeV/c 2 was observed with a statistical significance of 7.6σ. The mass and width were measured to be M = 1842.2 ± 4.2
MeV/c 2 and Γ = 83 ± 14 ± 11 MeV. The product branching fraction was determined to be B(J/ψ → γX(1840)) × B(X(1840) → 3(π + π − )) = (2.44 ± 0.36
-A study of the doubly OZI suppressed decays of J/ψ → γωφ [7] was performed. A strong deviation(> 30σ) from three-body phase space for J/ψ → γωφ near the ωφ invariant-mass threshold was observed, as shown in fig. 1(c) . Assuming the enhancement is due to the influence of a resonance, the X(1810), a partial wave analysis with a tensor covariant amplitude determined that the spin-parity of the X(1810) is 0 ++ . The mass and width of the X(1810) were determined to be M = 1795 ± 7 . These results are consistent within errors with those from the BESII experiment [8] .
The comparison to the mentioned BESIII results of the masses and widths are shown in fig. 1(d) . The mass of X(1840) is in agreement with X(pp), while its width is significantly broader. Therefore, based on these data, one cannot determine whether X(1840)
is a new state or the signal of a 3(π + π − ) decay mode of X(pp). Further study, including an amplitude analysis to determine the spin and parity of the X(1840), is needed to establish the relationship between these experimental observations.
3. -PWA of J/ψ → γηη Radiative J/ψ decay is a gluon-rich process and has long been regarded as one of the most promising hunting grounds for glueballs. In particular, for a J/ψ radiative decay to two pseudoscalar mesons, it offers a very clean laboratory to search for scalar and tensor glueballs because only intermediate states with J P C = even ++ are possible. An early study of J/ψ → γηη was made by the Crystal Ball Collaboration [9] with the first observation of f 0 (1710), but the study suffered from low statistics.
Using 225 million J/ψ events collected with the BESIII detector, a PWA of J/ψ → γηη has been performed. Fig. 2(a) shows the projection of PWA in the invariant mass spectrum of ηη. The scalar contributions are mainly from f 0 (1500), f 0 (1710) and f 0 (2100), while no evident contributions from f 0 (1370) and f 0 (1790) are seen. Recently, the production rate of the pure gauge scalar glueball in J/ψ radiative decays predicted by the lattice QCD [10] was found to be compatible with the production rate of J/ψ radiative decays to f 0 (1710); this suggests that f 0 (1710) has a larger overlap with the glueball compared to other glueball candidates (e.g. f 0 (1500)). In this analysis, the production rate of f 0 (1710) and f 0 (2100) are both about one order of magnitude larger than that of the f 0 (1500) and no clear evidence was found for f 0 (1370), which are both consistent with, at least not contrary to, lattice QCD predictions.
The tensor components, which are dominantly from f 
The η/η ′ system provides a unique stage for understanding the distinct symmetrybreaking mechanisms. Furthermore, the η/η ′ decays play an important role to explore the effective theory of QCD at low energy, especially for the Chiral Perturbation Theory (χPTh). Its main decay modes, including hadronic and radiative decays, have been well measured, but the study of anomalous decays is still an open field. BESIII had collected 1.3 billion J/ψ events, one can obtain large η/η ′ samples ( ∼ 10
It is a good place to study the anomalous decays of η/η ′ . BESIII had published results of η/η ′ invisible decays [11] , weak decays of η/η
. Here we present other two studies briefly.
-The η ′ meson is much heavier than the Goldstone bosons of broken chiral symmetry, and it has a special role in hadron physics because of its interpretation as a singlet state arising due to the axial U (1) anomaly [14, 15] . Discovered in 1964 [16, 17] , it remains a subject of extensive theoretical studies aiming at extensions of chiral perturbation theory [18] .
Based on a sample of 1.3 billion J/ψ events taken with the BESIII detector, we observe the decay modes η ′ → π + π − π + π − and η ′ → π + π − π 0 π 0 with a statistical significance of 18σ and 5σ, respectively, as shown in fig. 2(b) and fig. 2(c) . We measure their product branching fractions:
and B(J/ψ → γη
. Using the PDG world average value of B(J/ψ → γη ′ ) [19] , the branching fractions of η
, which are consistent with the theoretical predictions based on a combination of chiral perturbation theory and vector-meson dominance [20] , but not with the broken SU 6 × O 3 quark model [21] .
4
. 2. Study of the doubly radiative decay η/η ′ → π 0 γγ. -The decay η → π 0 γγ, in the frame of χPTh, both at O(p 2 ) and O(p 4 ) (p is the typical four-momentum transfer in the decay, as defined in Ref. [18] ), is forbidden because there is no direct coupling of photons to the neutral π 0 and η. The second order O(p 4 ), is much suppressed due to the kaon masses from the loops involving kaons, or suppressed due to the G-parity violating transitions from the pion loops. The first sizable contribution comes at O(p 6 ) [22] . Since the coefficients involved at O(p 6 ) are not precisely determined, different models have been used to obtain the coefficients and predict the decay rate of η → π 0 γγ in the framework of χPTh. This decay provides therefore a unique opportunity to test directly the correctness
of the calculations of third order χPTh, since the first order is zero and the second order is very small. Besides, the branching fraction of η → π 0 γγ decay has been also calculated with pure Vector Meson Dominance model (VMD) [23] , the quark-box diagrams [23] and the coherent sum of the Linear σ Model and VMD contributions [24, 25] , respectively.
With a sample of 1.3 billion J/ψ events in the BESIII detector, the rare, doubly radiative decays η/η ′ → π 0 γγ have been studied. The branching fraction of η ′ → π 0 γγ is measured for the first time to be B(η ′ → π 0 γγ) = (6.91±0.51±0.58)×10 . The measured value is much lower than that of the theoretical predictions [24, 25] but consistent with the upper limit in PDG [26] . No evidence for the decay of η → π 0 γγ is found.
-Observation of new excited baryons
Although symmetric non-relativistic three-quark models of baryons are quite successful in interpreting low-lying excited baryon resonances, they tend to predict far more excited states than are found experimentally [27, 28] . From the theoretical point of view, this could be due to a wrong choice of the degrees of freedom, and models considering di-quarks have been proposed [29] . Experimentally, the situation is very complicated due to the large number of broad and overlapping states that are observed. Moreover, in traditional studies using tagged photons or pion beams, both isospin 1/2 and isospin 3/2 resonances are excited, further complicating the analysis. An alternative method to investigate nucleon resonances employs decays of charmonium states such as J/ψ and ψ ′ .
5
.
-To search for new excited N * baryons, we performed a PWA of ψ ′ → ppπ 0 , to study the N * intermediate resonance coupling to pπ 0 orpπ 0 . The ∆ resonances are excluded due to isospin conservation. As a consequence, the reduced number of states greatly facilitates the analysis [30] .
After a partial wave analysis, resonances with significance greater than 5σ are taken as significant ones, including N (940) and seven N * resonances. The mass and width of N * states are varied, and the values with the best fitting result are taken as the optimized values. [31] , while the last two states can not be identified with N (2100) or N (2200). However, the significance of these two states are 15σ and 11.7σ, respectively. As a consequence, we label these two states as N (2300) and N (2570), with J P assignment of 1/2 + and 5/2 − , Table I . -The optimized mass, width and significance (Sig.) of the seven significant N * resonances. ∆S represents the change of the log likelihood value. ∆N dof is the change of the number of free parameters in the fit. In the second and third columns, the first error is statistical and the second is systematic. The names of the last two resonances, N(2100) and N(2200), have been changed to N (2300) and N (2570) according to the optimized masses. respectively. Using these eight significant resonances, the fit result agrees well with the data. The contribution of each intermediate resonance including interference effects with other resonances are extracted. Fig. 3(a) shows the contributions of N (1440), N (1520), N (1535) and N (1650) in which we can see clear peaks and also tails at the high mass region from the interference effects. Fig. 3(b) shows the contributions of N (940), N (1720), N (2300) and N (2570). For N (2300) and N (2570), their peak positions are below the Breit-Wigner mean values reported in Table I because of the presence of interference contributions, as well as phase space and centrifugal barrier factors. 
+27+57
−24−10 MeV, respectively, which are consistent with those from previous measurements listed in the PDG [32] . The product of the branching fractions is 
